Interleukin (IL)-1␤ plays a critical role in IL-6␤-and transforming growth factor ␤ (TGF␤)-initiated Th17 differentiation and induction of Th17-mediated autoimmunity. However, the means by which IL-1 regulates various aspects of Th17 development remain poorly understood. We recently reported that IL-1␤ enhances STAT3 phosphorylation via NF-B-mediated repression of SOCS3 to facilitate Il17 transcription and Th17 differentiation, identifying an effect of IL-1 signaling on proximal events of STAT3 signaling. Here, we show that IL-1␤ promotes STAT3 binding to key cis-elements that control IL-17 expression. Additionally, we demonstrate that the IL-1induced NF-B factor RelA directly regulates the Il17a/f loci in cooperation with STAT3. Our findings reveal that IL-1 impacts both proximal signaling events and downstream interactions between transcription factors and cis-regulatory elements to promote Il17a/f transcription and Th17 differentiation.
Differentiation of Th17 cells requires activation of TGF␤ 2 and IL-6 signaling (1) (2) (3) . Although multiple transcription factors positively regulate Th17 development, IL-6 -induced STAT3 and ROR␥t are the principal determinants of Th17 lineage commitment (2, 4) . The cytokine IL-1␤ impacts very early events in Th17 development by inducing genes that program Th17 differentiation (Irf4, Rorc, Il1r1, and Il23r) and counteracting the inhibitory influence of IL-2 (5) (6) (7) (8) . Deficiency of the IL-1 receptor 1 (IL-1R1) (Il1r1) results in diminished Th17 responses in vivo and resistance to experimental autoimmune encephalitis development (5) (6) (7) , highlighting the importance of IL-1␤ to the Th17 developmental pathway.
In addition to their roles in promoting Th17 lineage development and TCR-driven IL-17 secretion, the STAT3-inducing cytokines IL-6, IL-21, and IL-23 permit TCR-independent IL-17 production (9 -11) . Whereas neither IL-6, IL-21, nor IL-23 alone can elicit IL-17 production from Th17 effector cells (12, 13) , in combination with IL-1␤ these cytokines are powerful inducers of IL-17. Analogous activation pathways exist for Th1 and Th2 cells, which respond to signals from a STATactivating factor plus an IL-1 family cytokine to induce transcription of effector cytokines. T helper 1 (T H 1) cells exhibit robust IFN-␥ production in response to stimulation with IL-12 plus IL-18 (14, 15) . Similarly, Th2 cells produce IL-13 upon exposure to IL-2, IL-7, or TSLP in combination with IL-33 (9) . Several studies have evaluated the nature of the synergism between IL-12 and IL-18 in TCR-independent IFN-␥ production (10, 16, 17) . IL-18 cannot itself induce Ifng; its role is in augmenting the effects of STAT4 on Th1 development (15) . IL-12 activates the transcription factors STAT4 and AP-1, and as an IL-1 family member, IL-18 has been demonstrated to activate the NF-B pathway (18) . These signals converge on sequences in and around the gene encoding IFN-␥ to induce its expression. Balasubramani et al. (17) described differential utilization of cis-elements in the regulation of the Ifng contingent on the method of stimulus. Demonstration that IL-12-induced STAT4 is required to recruit the NF-B factor RelA to key cis-regulatory elements for enhancement of Ifng transcription reinforces the notion that one aspect of IL-12 and IL-18 synergy is at the level of DNA binding.
In this study, we report that multiple STAT-dependent enhancer elements govern Il17a/f expression, and we demonstrate that IL-1␤ not only heightens IL-23-induced STAT3 binding to these elements but also enables recruitment of STAT3 to additional regulatory sites contained within the extended Il17 locus and induces NF-B factors that directly regulate Il17a/f transcription in collaboration with STAT3. Our data build on previous studies demonstrating that the IL-1 induced NF-B pathway is operative in the reinforcement of 1 STAT3 activation through effects on SOCS3 and Jak2 and determine that in addition to its involvement in early Th17 differentiation events, IL-1␤ serves to promote acute transcription of Il17a/f by exerting direct effects on these gene loci.
Results

IL-1 promotes STAT3 recruitment to distal cis-regulatory elements that regulate Il17a and Il17f transcription
We previously observed that treatment of Th17 effector cells with IL-1 (␣ or ␤) can induce IL-17 production independently of TCR stimulation in a manner dependent on STAT3, and we noted that IL-17 production was maximal when IL-1 and IL-23 were used in combination (11) . In an effort to understand how IL-1 signaling could impact STAT3-dependent transcription of Il17a and Il17f, we first performed comparative long-range DNase I hypersensitivity (DHS) mapping of the murine Il17a-Il17f gene locus in naïve and in vitro-polarized Th1, Th2, and Th17 cells to identify potential cis-regulatory elements (19) . Prominent DNase I HS peaks localized to an ϳ200-kb region surrounding the Il17a/f genes ( Fig. 1A) . Naïve CD4 ϩ cells as well as Th1 and Th2 cells were largely devoid of DNase I HS sites, but Th17 cells exhibited 13 discernable peak clusters that corresponded well with evolutionarily conserved noncoding sequences (CNS). Most of the hypersensitivity peaks were present in resting polarized Th17 cells, indicating that the majority of cis-regulatory elements in the Il17a/f locus are remodeled during Th17 differentiation. TCR stimulation of polarized Th17 cells, whether by anti-CD3 or the TCR signaling surrogate phorbol ester (PMA) plus ionomycin, induced additional hypersensitive sites at CNS elements AϪ97, AϪ37, and Aϩ6, suggesting a role for these regions as acutely activated, stimulus-dependent Il17a/f enhancers. Although TCR stimulation induced alterations in chromatin structure at the aforementioned CNS, accessibility of these stimulus-dependent hypersensitivity sites was not induced by cytokine co-signaling (IL-23 ϩ IL-1␤); the accessibility profile of the extended Il17a/f locus in cytokine-stimulated cells closely mirrored that of resting Th17 cells, suggesting that signals downstream of the IL-23 and IL-1 receptors likely act on enhancer elements accessible in resting Th17 cells, and they are unlikely to act at CNSs AϪ97, AϪ37, and Aϩ6.
To verify that we had likely identified all cis-elements involved in the regulation of Il17a/f transcription, we probed the region for putative insulator elements by assessing the binding of the CCCTC-binding factor (CTCF) and a subunit of its associated cohesin, Rad21. CTCF has been shown to be required for barrier and enhancer-blocking activities of many insulator elements (20) , and cohesin is hypothesized to organize chromatin structure in a manner that facilitates insulator function (21) . We mapped CTCF and Rad21 sites by ChIP-chip ( Fig. 1B) and found that strong signals for CTCF and Rad21 co-localized to only two sites in the extended Il17a/f locus: DNase I-hypersensitive sites (DHS) AϪ118 and FϪ13. DHS AϪ118 represents an evolutionarily-conserved sequence (CNS), but DHS FϪ13 lies in a region of noncoding DNA that lacks sequence conservation across species. The locations of these sites, flanking the Il17a/f loci beyond the most distal Th17-specific DNase-hypersensitive regions and situated in or adjacent to the neighboring genes Pkhd1 and Mcm3, respectively, are consistent with a role for AϪ118 and FϪ13 as boundary elements. Notably, CTCF and Rad21 binding at DHSs AϪ118 and FϪ13 were greatest in Th17 cells but were also evident in naïve CD4 and Th1 cells (Fig. 1C ). Although all CTCF-binding sites exhibited Rad21 binding, we detected additional prominent Rad21-binding sites near regions of DNase hypersensitivity (AϪ34 and Aϩ8) that did not correspond to areas of sequence conservation. It is possible that these regions represent foci of cohesin binding that attribute to cohesin's role in sister chromatid interactions and/or serve a distinct function in gene regulation. As a regulator of higherorder chromatin structure, cohesin contributes to the formation of chromatin loops (21, 22) and therefore could be involved in a number of different interactions between cis-regulatory elements that facilitate gene regulation. In that regard, DNase I hypersensitivity at CNS AϪ118 was only induced in Th17 cells following activation by TCR or cytokine signaling, suggesting its possible participation in activation-dependent chromatin looping and/or cis-regulatory activity.
To assess the function of the cis-elements identified in the Il17a/f locus, we utilized a promoter-reporter assay in primary murine Th17 cells. The indicated CNS elements were subcloned upstream of a minimal Il17a or Il17f promoter, and firefly luciferase expression from transfected cells was used as a surrogate for transcriptional activity. CNSs AϪ118, AϪ97, AϪ37, Aϩ10, Aϩ28, and FϪ7 exhibited significant enhancement of promoter activity upon restimulation with anti-CD3 ( Fig. 2A) , indicating an ability of these cis-elements to augment TCR-driven Il17a gene transcription. Enhancer activity was retained for CNSs AϪ97, Ϫ37, ϩ10, and ϩ28 under conditions of cytokine restimulation ( Fig. 2B) , with a significant increase in luciferase activity by addition of IL-1␤ over IL-23 alone. Similar data were obtained for all CNSs relative to a 295-bp fragment of the Il17f promoter (data not shown).
We examined the enhancer CNS sequences for predicted transcription factor-binding sites and found that a composite STAT/Bcl6-binding site was unique to the four cis-elements that enhanced cytokine-driven Il17 transcription with CNS Aϩ10 also possessing overlapping nuclear factor of activated T cells and NF-B sites ( Fig. S1 ). Based on this finding, as well as the knowledge that STAT3 is integral to Il17a/f transcription (23) (24) (25) , we mutated the putative STAT sites contained within CNSs AϪ97, AϪ37, Aϩ10, and Aϩ28. These mutations significantly diminished cytokine-driven enhancer activity for all of the CNSs tested ( Fig. 2C) , consistent with the capacity of these cis-elements to bind STAT3 and function in acute transcriptional regulation following cytokine stimulus.
Previous studies have demonstrated STAT3 binding to ciselements spanning 90 kb of the extended Il17a/f locus (26 -28) . To confirm these results and assess for recruitment of STAT3 to genomic elements more distal, we performed chromatin immunoprecipitation (ChIP) analysis for STAT3 binding across a region encompassing ϳ180 kb of sequence surrounding Il17a and Il17f. Consistent with previous reports, we detected STAT3 binding at CNSs Aϩ10, Aϩ28, and the Il17f promoter following stimulation with IL-23. (Fig. 2D ). Notably, Figure 1 . DNase-hypersensitivity profiles and CTCF/Rad21 binding at the murine Il17a-Il17f loci of naïve, Th1, Th2, and Th17 cells. A, long range DNase hypersensitivity mapping was performed on naïve, Th1, Th2, and Th17 cells. CD4 ϩ T cells isolated from C57/BL6 mice were cultured under Th1 polarizing conditions for 5 days or in Th2 differentiation media for 2 weeks. CD4 ϩ cells isolated from Il17f Thy1.1/Thy1.1 reporter mice were used for Th17 polarization. After 6 days of culture, Thy1.1 ϩ Th17 cells were isolated and rested overnight prior to restimulation. Harvested cells were either left unstimulated (rest), restimulated with PMA ϩ ionomycin (PϩI), subject to anti-CD3 treatment (␣CD3), or stimulated with rIL-23 ϩ rIL-1␤ (IL-23 ϩ IL-1␤) before DNase I digestion, labeling, and hybridization to custom arrays for DNase-chip analysis. DNase I hypersensitivity profiles are displayed using the IGB browser (Affymetrix) and are aligned with a corresponding VISTA plot demonstrating percentage similarity between mouse and human sequences. CNSs are defined as noncoding regions of at least 100 bp in length exhibiting greater than 70% sequence homology between species. Positions of CNSs are relative to the transcription start of the mouse Il17a or Il17f gene. B, ChIP-chip analysis of CTCF and Rad21/cohesin occupancy across the extended Il17a-Il17f loci. Thy1.1 ϩ cells generated from Il17f Thy1.1/Thy1.1 reporter mice underwent chromatin immunoprecipitation (ChIP) with an antibody directed against murine CTCF or Rad21. ChIP samples and input material were subject to whole genome amplification and hybridized to custom-tiled arrays. Regions of CTCF and Rad21 binding are visualized using the IGB browser (Affymetrix). C, CTCF and Rad21ChIP analysis in naïve, Th1, and Thy1.1 ϩ Th17 cells. Results are the mean Ϯ S.E. of duplicate determinations and are representative of two independent experiments; results were quantified using real-time PCR, and data are expressed as percentage of input DNA recovered.
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however, we found that addition of IL-1␤ had a marked effect on STAT3 binding across the locus; compared with stimulation with IL-23 alone, IL-23 plus IL-1␤ induced both significant increases in STAT3 recruitment to CNSs Aϩ10 and Aϩ28 and substantial STAT3 binding at AϪ97 and the Il17a promoter that was not detected in the absence of IL-1 signaling. Although enhancer activity associated with accessible sites at CNSs AϪ118, AϪ37, and FϪ7 did not exhibit STAT3 binding, it is likely that these elements exert effects on Il17a/f transcription through interactions with other transcription factors not yet identified. Collectively, these results indicate that enhancers at CNSs AϪ97, Aϩ10, Aϩ28, and the Il17a and Il17f promoters bind STAT3 to regulate Il17a/f transcription following activation, and factors induced by IL-1R signaling enhance STAT3 binding to key cis-regulatory elements participating in the Il17a/f transcription.
NF-B factors RelA and c-Rel induced by IL-1 signaling cooperate with STAT3 to regulate Il17a and Il17f transcription
Given the observation that IL-1 treatment enhanced STAT3 binding to cis-elements regulating Il17a/f expression, we wished to further examine the nature of the synergism between IL-1R and Jak/STAT signals. IL-1R signaling is initiated when IL-1␣ or IL-1␤ binds to the IL-1R1 subunit, enabling recruitment of an accessory receptor subunit, IL-1RAP. Ligand-induced juxtaposition of TIR domains on the cytoplasmic tails of IL-1R subunits recruits myeloid differentiation primary response protein 88 (MYD88), and subsequently IL-1Rassociated kinase 4 (IRAK4), tumor necrosis factor receptorassociated factor 6 (TRAF6), as well as additional downstream signaling molecules (29) . Activation of IL-1R signaling typically results in activation of the NF-B and mitogen-activated pro- experiments. *, p Ͻ 0.05, and #, p Ͻ 0.01 versus intact CNS construct. D, CD4 ϩ T cells were isolated from Il17f Thy1.1/Thy1.1 reporter mice and either assayed directly or grown under Th17 conditions for 6 days. Following Thy1 isolation and overnight rest, ChIP was performed with antibody directed against STAT3 or IgG in cells that were either left unstimulated, stimulated with IL-23 (3 ng/ml), or IL-23 plus IL-1␤ (10 g/ml) for 1 h or PMA ϩ ionomycin (PMA/I) for 4 h. Real-time PCR was performed on immunoprecipitated DNA using primer sets designed to detect the indicated CNS elements and promoter regions. The Socs3 and 16S ribosomal promoters were used as positive and negative controls, respectively. qPCR values were normalized to input DNA, and values representing relative STAT3 binding are expressed as n-fold increase versus naïve CD4. Results are the mean Ϯ S.E. of two to five experiments. *, p Ͻ 0.05, and #, p Ͻ 0.01 versus STAT3 recruitment to the 16S ribosomal promoter (16Srp).
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tein kinase pathways (30) ; given that previous studies have reported functional interactions between NF-B and STAT proteins (9, 17) , we hypothesized that IL-1-induced NF-B factors regulate Il17a/f transcription in cooperation with STAT3. Although previous studies support a role for TCR-induced NF-B signaling in regulation of Rorc expression and Th17 differentiation (31, 32) , neither effects on Il17a/f transcription nor a role for IL-1-mediated NF-B signaling in Th17 differentiation have been directly assessed.
We first assessed the NF-B factors activated by IL-1 signaling in Th17 cells and compared the kinetics of NF-B nuclear localization with that of STAT3 phosphorylation induced by concomitant IL-23 signaling ( Fig. 3A and Fig. S2 ). We limited our study to RelA, c-Rel, and p50, as these NF-B factors are expressed in T cells (33) (34) (35) . IL-1␤ triggered NF-B nuclear import of NF-B proteins RelA, c-Rel, and p50 and was not significantly altered by the addition of IL-23. Nuclear translocation of the NF-B proteins took place within 10 min of cytokine exposure, and STAT3 tyrosine phosphorylation occurred concordantly (8) . Peak expression of NF-B proteins in the nucleus of Th17 cells paralleled that of STAT3 activation, and expression of both NF-B and STAT3 began to decline between 2 and 4 h following cytokine stimulus. Thus, the kinetics of nuclear localization of trans-factors activated by the IL-1 and IL-23 receptors are similar in Th17 cells.
We next examined Th17 cells derived from T cells deficient in either RelA (17, 36) or c-Rel (34) to evaluate the impact of these factors on IL-17 production induced by IL-1 signaling. Consistent with a previous report (37) , deficiency of both RelA and c-Rel results in decreased IL-17 production from Th17polarized cells (Fig. 3, B, D, and E) . Although c-Rel is critical for Il21 regulation (35) , addition of exogenous IL-21 did not correct the deficit in IL-17 production observed in Rela fl/fl .CD4cre ϩ or Rel Ϫ/Ϫ mice (Fig. 3B) . Notably, although c-Reldeficient Th1 cells had severely impaired proliferative capacity (34, 35) , Th17 proliferation was unaffected by deficiency of either RelA or c-Rel (Fig. 3C ). Deficiency of either RelA or c-Rel resulted in similar impairment of IL-17A protein production during Th17 differentiation (Fig. 3D, upper panel) and upon restimulation of Th17 effector cells, whether by TCR or cytokine pathways (Fig. 3D, lower panel) . Real-time PCR analysis revealed that mRNA expression of several additional Th17-associated genes was reduced in RelA and c-Rel-deficient Th17 cells, including Il17f, Rorgt, Il21, and Il22 but not others (Il23r) (Fig. 3E ). This indicates that RelA and c-Rel impact early events in Th17 differentiation as well as acute transcription of Il17 in polarized effector cells.
To determine whether RelA or c-Rel binds to the cis-elements in the Il17a and Il17f genes, we performed ChIP analysis to assess binding of these factors across the extended Il17a/f locus (Fig. 4, A and B) . We found that like STAT3, RelA binds to the CNS Aϩ10 enhancer element following cytokine and TCR stimulation to affect Il17a/f transcription. RelA also bound to CNS Aϩ28, another potential focus of interaction with STAT3. RelA binding was detected at the proximal CNS elements AϪ5 and FϪ7 under TCR stimulation only. c-Rel weakly and/or variably bound to CNSs Aϩ10, AϪ15, FϪ13, and the Il17a/f promoters. Taken together, these results point to a role for the NF-B factor RelA, but not c-Rel, in STAT3-mediated regulation of Il17a/f transcription.
Although physical interaction between RelA and STAT3 has been reported (38), we did not detect direct interaction between RelA and STAT3 or RelA and p300 following IL-23 ϩ IL-1␤ stimulation of Th17 cells in co-immunoprecipitation studies (data not shown).
Discussion
In this study, we have performed a functional survey of CNSs spanning the murine Il17a-Il17f locus. In so doing, we have identified six Il17a/f enhancer elements, with a clear dichotomy of utilization in response to TCR and cytokine stimuli. CNSs AϪ97, Ϫ37, ϩ10, and ϩ28 exhibited STAT-dependent enhancer activity that underscores their importance in cytokine-induced transcriptional activation. CNSs AϪ97, ϩ10, ϩ28, and the Il17a and -f promoters were found to directly interact with STAT3 to acutely regulate Il17a/f transcription. Although CNS AϪ37 did not bind STAT3 in response to IL-23/ IL-1␤ stimulation of Th17 effector cells, its ability to function as an enhancer in response to cytokine in vitro and the presence of a well-conserved putative STAT-binding site suggests that perhaps this element has interactions with STAT3 early in Th17 development.
Co-occupancy of the NF-B factor RelA with STAT3, BATF, IRF4, and p300 (28) at CNSs Aϩ10 and Aϩ28 implies that these sites may be regulatory nodes that facilitate interaction between key transcription factors regulating Il17 expression. This supposition is bolstered by our data illustrating Rad21/ cohesin binding in close proximity to CNS Aϩ10. CTCF and Rad21 have important roles in directing chromatin interactions by looping DNA, and the presence of a CTCF-or Rad21-binding site near an enhancer element likely denotes a site of physical association between regulatory DNA sequences and transfactors bound to them. We have defined the limits of the Il17 locus by demonstrating CTCF and Rad21 occupancy of two cis-elements flanking the genes adjacent to Il17a and -f. Furthermore, the capacity of CNS AϪ118 to bind the insulatorassociated factors CTCF/Rad21 and to enhance Il17 transcription in response to TCR stimuli in conjunction with data indicating that absence of this region correlates with lack of expression of a Thy1.1 reporter in a BAC-transgenic mouse model 3 suggest this element may function as a locus control region.
We have shown that IL-1␤ treatment augmented binding of IL-23-induced STAT3 to genomic regulatory elements and allowed for additional foci of STAT3-DNA interaction to emerge. These observations likely reflect the enhanced duration and amplitude of STAT3 phosphorylation that we reported previously (8) and indicate that STAT3 signal amplification downstream of IL-1R ligation positions the Il17a/f locus for greater accessibility.
The rapid kinetics of the effect implies JAK/STAT signal modification is the major mechanism by which IL-1 heightens IL-23-induced STAT3 occupancy and chromatin remodeling. A, C57BL/6 CD4 ϩ T cells were Th17-polarized for 5 days before live cell isolation was performed using a Ficoll gradient, and cells were rested overnight. On day 6, Th17 cells were restimulated for the indicated time frames with IL-23 (5 ng/ml) and/or IL-1␤ (20 ng/ml), and nuclear extracts were prepared. Nuclear translocation of STAT3 and the NF-B factors RelA, c-Rel, and p50 were evaluated by immunoblotting. Blots were stripped and reprobed with ␤-actin as a loading control. The splice site at which two separate blots were merged is indicated with a black vertical line. B, FACS-sorted naïve CD4 ϩ T cells from Rela fl/fl .Cd4.cre ϩ , Rel Ϫ/Ϫ , or WT B6 littermate mice were labeled with CFSE and cultured under Th17-polarizing conditions in the absence or presence of IL-21 (10 ng/ml) for 3 days. Cells were stimulated with PMA plus ionomycin stimulation for 5 h in the presence of monensin before intracellular cytokine staining for IL-17A. Proliferation was assessed by quantifying CFSE uptake. Flow cytometry plots are gated on live CD4 ϩ cells, and numbers represent the percentage of cells present in the designated quadrant. Data are representative of at least three independent experiments. C, CD4 ϩ T cells isolated from WT, Rela fl/fl .Cd4.cre ϩ , or Rel Ϫ/Ϫ mice were differentiated under Th1-or Th17-polarizing conditions (Ϯ addition of CFSE). On day 3 of polarization, proliferation was assessed by CFSE analysis. Plots are gated on live CD4 ϩ T cells. D, naïve CD4 ϩ T cells from the indicated mice were cultured under Th17 conditions as in Fig. 1 (for 3 days as in A and assayed directly (top panel) or for 5 days and assayed following restimulation (48 h) as indicated (bottom panel). The amount of IL-17 in culture supernatants was quantified by ELISA. Results represent mean Ϯ S.E. of three independent experiments. *, p Ͻ 0.05. and #, p Ͻ 0.01 versus WT IL-17A production. E, FACS-sorted naïve CD4 ϩ from Rela fl/fl .Cd4.cre ϩ , Rel Ϫ/Ϫ , or WT B6 mice were cultured under Th17 conditions for 72 h and then processed for mRNA quantification by real-time PCR for the indicated genes. Data were normalized to ␤2m and are expressed as relative difference (n-fold) compared with WT; values for Rel Ϫ/Ϫ are set at 1. Results represent mean Ϯ S.E. of three independent experiments. *, p Ͻ 0.05, and #, p Ͻ 0.01 versus WT mRNA expression.
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Our data suggest that potentiation of pSTAT3 action via IL-1 and NF-B-mediated repression of SOCS3 creates a feed-forward signaling loop that enhances and sustains transcription factor occupancy at Il17a/f. Ciofani et al. (28) found that STAT3-deficient Th17 cells exhibit reduced p300 occupancy across the Il17a/f locus in response to TGF␤ ϩ IL-6 stimulation and STAT3 co-localizes with p300 to multiple Il17 enhancers, suggesting that STAT3 associates with p300 and/or other histone acetyltransferases to recruit transcriptional co-activators and induce Il17 transcription.
The fact that deficiency of RelA and c-Rel attenuated expression of multiple Th17-associated genes and greatly diminished IL-17 production early in the course of Th17 development indicates that IL-1 signaling influences Th17 programming as well as acute transcription of Il17. The transcription factors IRF4 and BATF bind multiple Il17 cis-regulatory elements in uncommitted T helper cells (28) suggesting that they mediate initial chromatin assembly. Previous reports indicate that IL-1␤ and NF-B induce IRF4 and BATF expression (39), respectively, and thus it is possible that early requirement of IL-1 to achieve optimal Th17 differentiation is related to recruitment of these pioneer factors to Il17a/f. The NF-B factors c-Rel and RelA have also been reported to bind to and activate the promoters that control ROR␥ and ROR␥t expression (32), thereby influencing Th17 specification. Through induction of ROR␥t, IRF4, and BATF, NF-B factors indirectly support activation of STAT3, which is crucial for Il17 transcription and Th17 development. Mice and humans deficient in STAT3 have severely impaired Th17 differentiation (6, (23) (24) (25) . This is because, in addition to directly binding to regulatory sites within the Il17 locus, STAT3 controls expression of multiple genes involved in Th17 lineage specification, among them Rorc, Irf4, Batf, Il21, Il21r, Il23, and Il23r (26) .
Our discoveries about the Il17a/f loci parallel existing data on Ifng transcriptional regulation. Multiple cis-elements regulating Ifng exhibit STAT4-dependent binding of RelA (17). This is in striking contrast to the observed phenomenon at the Il17a/f locus, where IL-1 signaling enhances STAT3 recruitment to CNSs. However, a similar dichotomy exists in that there is modular utilization of cis-elements in TCR-induced versus cytokine-induced transcription of the Ifng and Il17a/f cytokine genes. Akin to the Ifng locus, the Il17a/f locus is regulated by the NF-B factor RelA and to a lesser extent by c-Rel. The intergenic Il17a/f CNSs Aϩ10 and Aϩ28 are targets of RelA, STAT3, and several other Th17 lineages specifying transcription factors (26 -28) , highlighting their importance as regulatory nodes that function to regulate Il17 transcription. Our previous studies revealing IL-1-induced augmentation of STAT3 activation together with this study's observation that NF-B factors bind to critical cis-elements to directly regulate Il17 transcription demonstrate that IL-1␤ can exert significant influence over both differentiation and transcriptional events to impact T helper cell development.
Taken together, our findings significantly extend knowledge about regulation of the Il17a and Il17f cytokine genes. We demonstrate that STAT3 and NF-B factors directly regulate these genes downstream of IL-23 and IL-1␤ signaling, and IL-1␤ enhances the influence of STAT3 on the Il17a/f locus through both NF-B-mediated STAT3 signal amplification and increasing local chromatin accessibility. These events are of relevance to host defense, as rapid cytokine-induced mobilization of T helper cells facilitates clearance of pathogens. These data also add to mounting evidence that interference with IL-1 and/or NF-B signaling is a tenable strategy for treatment of Th17-associated autoimmune inflammatory diseases.
Experimental procedures
Mice C57BL/6, B6.OT-II TCR transgenic (OT-II), B6.129S1-Il12b tm/Jm /J (IL-12p40 Ϫ/Ϫ ), B6.Il10 Ϫ/Ϫ , and B6.FVB-Tg (EIIa-cre)C5379Lmgd/J mice were purchased from The Jackson Laboratory and/or bred at the University of Alabama at Birmingham. 
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The generation of Il17f Thy1.1/Thy1.1 reporter mice was described previously (40) , as was the creation of Rela fl/fl .Cd4cre ϩ mice (17). B6.Rel Ϫ/Ϫ mice used in some studies were a kind gift from Ranjan Sen (NIA, National Institutes of Health). All animal breeding and experimentations were carried out in accordance with institutional regulations.
CD4 ؉ T cell isolation and culture
Spleens and lymph nodes were isolated from the indicated strains of mice, and CD4 ϩ T cells were purified by positive selection with magnetic beads (Invitrogen) before culture with OVA peptide (5 g/ml) or anti-CD3 (2.5 g/ml) and irradiated CD4-depleted splenocytes at a ratio of 1:7 (Th17) or 1:5 (Th1 and Th2) CD4 cells/APCs. T cells were cultured in Iscove's media containing 10% fetal bovine serum, 100 IU/ml penicillin, 100 mg/ml streptomycin, 1 mM sodium pyruvate, 1ϫ nonessential amino acids, 2.5 mM ␤-mercaptoethanol, 2 mM L-glutamine. Th17 polarizations were carried out using neutralizing antibodies to IFN-␥ and IL-4 (10 g/ml), with addition of 20 ng/ml IL-6 (R&D Systems) and 2-5 ng/ml rhTGF-␤1 (R&D Systems). Th1 cultures were supplemented with 10 ng/ml IL-12 and 10 g/ml anti-IL-4, and Th2 cultures were generated using 1000 units/ml IL-4 and 10 g/ml anti-IFN-␥. In some experiments cells were stimulated with plate-bound anti-CD3 (clone 145-2C11) plus soluble anti-CD28 (clone 27.51, eBioscience) at the indicated concentrations, or underwent polarization with anti-CD3/CD28-coated beads (Invitrogen) according to the manufacturer's instructions.
Plasmids, CD4 cell transfection, and promoter-reporter assay
Il17a and -f promoter fragments were cloned into the pGL3 basic luciferase vector (Promega) using XhoI and HindIII restriction sites with the following primer sequences: Il17a promoter 286-bp fragment Fwd GCTACTCGAGGCAAAGC-ATCTCTGTTCAGC and Il17a promoter 286-bp Rev CGTA-AAGCTTGCGTCCTGATCAGCTGGTGC; Il17f promoter 295-bp fragment Fwd GCATCTCGAGAAAGGTAATGGGA-GTGGAAG and Il17f promoter 295-bp fragment Rev GCAT-AAGCTTGGTTTCTCCAATGGCTGCTTC. Similarly, MluI and NheI restriction sites were used to cassette various CNS elements upstream of the indicated promoter fragment using the following primer sequences: CNS AϪ118 Fwd CTTGCC-ATCTTTCCTTCTTG and CNS AϪ118 Rev CTGTCTTGCC-TTCAGTGC; CNS FϪ13 Fwd GAGACACAGGAAAGGA-GAGG and CNS FϪ13 Rev GGAGCAGAGATTACTCAATG-ACAG; CNS AϪ97 Fwd GTTTCTTGTGCCTTCTCTTG and CNS AϪ97 Rev CAAGGTTGGGCATTGAGC; CNS FϪ7 Fwd GCAAGACTGGAAAGGAGAAACATC and CNS FϪ7 Rev GCACAGCCTCTTCGTTTG; CNS AϪ60 Fwd GCCTAACT-GTCAGAAAGTCACC and CNS AϪ60 Rev GCTGAGTTCT-TCTCCCCTTAC; CNS AϪ37 Fwd ATGGAGCATTTCAGC-AGGC and CNS AϪ37 Fwd Rev ATGCTTCCTGCCTTG-ATG; CNS AϪ5 Fwd ATCCTTCATCATAGCAGCC and CNS AϪ5 Rev TGAATACTTGCGTGGCAG; CNS Aϩ10 Fwd ACT-TGCTGCTCTCACGGAAG and CNS Aϩ10 Rev CCTGAAC-AGAACACCAATGG; CNS Aϩ28 Fwd GCTATCTCTCCAG-CCCTAAG and CNS Aϩ28 Rev CAGGCTAATCTTGGGA-ATG; CNS Aϩ23 Fwd CGTAACGCGTCAGAACAAGTCAC-CTGCTG and CNS Aϩ23 Rev CGTAGCTAGCCCTGTGAT-TTCCTCATTGG; CNS Aϩ36 Fwd CGTAACGCGTTCCTA-CTGTGATGACCAGGC and CNS Aϩ36 Rev CGTAGCTAG-CAGTCCATCCTCAATGTGGC. Primers used for mutation of predicted STAT-binding sites include: CNS Aϩ10 STAT mut Fwd GTGCAGTGACTAAAAGGAGAGTCCTCGAGG-ATAAAGTAACCTACC and CNS Aϩ10 STAT mut Rev GGT-AGGTTACTTTATCCTCGAGGACTCTCCTTTTAGTCA-CTGCAC; CNS Aϩ28 STAT mut Fwd CCTGGCTGAGGAG-AACGGAGAATCCCTTTGTGATCTTTCAGTCC and CNS Aϩ28 STAT mut Rev GGACTGAAAGATCACAAAGGGAT-TCTCCGTTCTCCTCAGCCAGG; CNS AϪ97 STAT mut Fwd CATCATACACTAATTGTGAGTGAACTTTGTAGC-CTTTTGTAGATC and CNS AϪ97 STAT mut Rev GATCT-ACAAAAGGCTACAAAGTTCACTCACAATTAGTGTAT-GATG; CNS AϪ37 STAT mut Fwd CAGAGGCCCTAGCCG-CAAGCTGTCTGGACTCAGCTGGTCAAG and CNS AϪ37 STAT mut Rev CCTGACCAGCTGAGTCCAGACAGCTTG-CGGCTAGGGCCTCTG. Clones for each construct were screened by restriction digest and sequenced to verify their authenticity. Th17 cells were generated as described, and 5-6 days following polarization between 1 and 3 million CD4 cells were transfected using mouse nucleofactor kit (Lonza) and an AMAXA electroporator. 20 g of promoter-reporter construct DNA was administered to cells along with 1 g of pRL-TK to allow for normalization. Following transfection, cells were either rested for 2-3 h and restimulated with platebound anti-CD3 (1 g/ml), rested overnight and restimulated with between 3 and 10 ng/ml IL-23 Ϯ 10 g/ml IL-1␤, or were left unstimulated. The dual-luciferase kit (Promega) was used to perform the luciferase assay according to manufacturer's instructions. Cells were lysed in passive lysis buffer, and relative light units were assessed for both firefly and Renilla using a Turner Systems TD 20/20 luminometer. Each transfection was performed in triplicate, and data represent a minimum of three independent experiments.
Flow cytometric analysis
CD4 T cells were collected and, where indicated, stimulated with PMA (50 ng/ml; Sigma) and ionomycin (750 ng/ml; Calbiochem) for 5 h in the presence of Golgi Plug (BD Biosciences). Intracellular staining was performed as described previously (1, 8, 11, 17, 40, 41) . LIVE/DEAD Fixable Green Dead Cell Stain (Invitrogen) was used to exclude dead cells in flow cytometric analyses extracellularly. Phycoerythrin (PE)-conjugated anti-CD90.1 (OX-7) and anti-IL-17A (TC11-18H10) were purchased from BD Biosciences; APC-conjugated anti-IFN-␥ (XMG1.2) and PE-Cy7-conjugated anti-CD4 (GK1.5) were purchased from eBioscience. Samples were acquired on an LSRII instrument (BD Biosciences), and data were analyzed using CellQuest Pro (BD Biosciences) or FlowJo software (Tree Star Inc.).
RNA isolation, cDNA synthesis, and real-time PCR
mRNA was extracted from T cells using TRIzol (Invitrogen) and treated with DNA-free (Ambion). cDNA synthesis was performed using Superscript III first-strand synthesis system (Invitrogen). Real-time PCR was performed on a Bio-Rad iCycler
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with TaqMan primer pairs and probes specific for cDNAs of Il23r, Il12r␤2, Ifng, Il17a, Il17f, Il22, Rorc, Il21, and ␤2-microglobulin (␤2m). Primer sequences used were as described (1, 8, 11, 17, 40, 41) , with the following additional primers/probes: Socs3 forward primer AGTGCAGAGTAGTGACTAAACAT-TACAAGA, Socs3 reverse primer AGCAGGCGAGTGTAGA-GTCAGAGT, and Socs3 probe CGGCCTCCGAGGCGGC-TCT. Reactions were run in triplicate and normalized to ␤2m expression.
DNase hypersensitivity mapping
DNase-ChIP samples were prepared as described previously (19, 41) . In brief, nuclei were isolated form 5 ϫ 10 (7) cells and subjected to digestion with the enzyme DNase I (Roche Applied Science) over a range of concentrations (0 -12 units). EDTA was added to halt DNA digestion, and the nuclei were embedded in 1% InCert-agarose (Lonza) at a 1:1 ratio of volumes preceding overnight incubation at 37°C in LIDS buffer (1% lithium dodecyl sulfate, 10 mM Tris-HCl, pH 7.5, 100 mM EDTA). Agarose plugs were washed extensively in 50 mM EDTA before digestion with T4 DNA polymerase (New England Biolabs). Blunted DNA fragments were then extracted, labeled with biotinylated linkers, captured, and amplified by ligation-mediated PCR to prepare for hybridization to microarrays. Data were visualized using IGB browser (17).
Chromatin immunoprecipitation
All ChIP experiments were performed using a ChIP assay kit (Millipore), as described previously (8, 17, 41) . Relative recruitment was determined using RT-PCR, and ⌬⌬Ct values were expressed as fold change over indicated reference cell type or displayed as a percentage of input DNA. Inputs were appropriately diluted to assist in normalization, and primers used were previously described (8, 17, 41) , with the addition of the following: CNS AϪ118 forward CCAAACCTAAACACAAG-GAGAAATC, CNS AϪ118 reverse TCTTGTGGCCAATAT-TTGCATT, and CNS AϪ118 probe CAGGCTGCGAAGAC-AACGCAGG; CNS FϪ13 forward AGGGAAAATCCCCCA-AGAGA, CNS FϪ13 reverse TGTGGGCTTAGCTTCTGC-ATT, and CNS FϪ13 probe CCTGCTGCCACCTTGTGATG-ACTTGA; Socs3 promoter forward AGTGCAGAGTAGTGA-CTAAACATTACAAGA, Socs3 promoter reverse AGCAGG-CGAGTGTAGAGTCAGAGT, and Socs3 promoter probe CGG-CCGGGCAGTTCCAGGA. Antibodies used in ChIP include the following: STAT3 (Cell Signaling catalog no. 9132); RelA (Millipore catalog no. 06-418); c-Rel (Millipore catalog no. 09-040); CTCF (Millipore catalog no. 07-729); and Rad21 (Abcam catalog no. ab992). Samples were prepared for ChIPchip analysis as described previously (17, 41) .
ELISA and luminex assays
Th17 cells were incubated with indicated cytokines such as IL-1␤ (10 ng/ml), IL-6 (20 ng/ml), IL-18 (50 ng/ml), IL-23 (10 ng/ml), TGF-␤ (5 ng/ml), and IL-12 (10 ng/ml), all purchased from R&D Systems, in the presence or the absence of coated anti-CD3 (10 g/ml) (clone 145-11). Supernatants were collected after 48 h, and the production of IL-17A or IFN-␥ was detected by color development (TM-Blue; Sigma) of HRP-avi-din substrate (Vector Laboratories) followed by incubation of antibodies directed against mouse IL-17A (BD Biosciences) or IFN-␥ (BD Biosciences) and biotinylated anti-mouse IL-17A (BD Biosciences) or biotinylated anti-mouse IFN-␥ (BD Biosciences). The amounts of cytokine were determined from standard curves established with serial dilutions of recombinant murine IL-17A or IFN-␥ (R&D Systems). Luminex analysis for serum cytokines was carried out using Milliplex mouse cytokine immunoassay kit (Millipore catalog no. MPXMCYTO70-KPMX32). Luminex analysis for phosphotyrosine-705-STAT3, phosphoserine-727-STAT3, and total STAT3 was carried out using Milliplex MAPmates (Millipore catalog nos. 46-623, 46-624, and 46-625) according to the manufacturer's protocol. Plates were read using a Luminex 100 TM instrument.
Immunoblotting
Th17 cells were prepared as described previously. After 4 (Th1) or 5 days (Th17 and Th2), viable CD4 T cells were purified on a Ficoll gradient and activated with IL-12 (0.1-0.5 ng/ml) or IL-23 (4 -5 ng/ml) for the indicated time. Cell lysates were prepared in lysis buffer (RIPA buffer: 50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS) containing a protease and phosphatase inhibitor mixture (Pierce). Protein was quantified by the Bradford assay before equivalent amounts were separated by SDS-PAGE and transferred to a polyvinylidene difluoride membrane (Millipore). Primary antibody directed against RelA (Santa Cruz Biotechnology, sc-372x), c-Rel (Santa Cruz Biotechnology, sc-71x), NF-B p50 (Santa Cruz Biotechnology, sc-1190x), or ␤-actin (Abcam catalog no. 6276) were utilized. HRP-conjugated donkey anti-rabbit or HRP-conjugated anti-mouse antibody (Affinity Bioreagents) were used to detect target protein by ECL detection kit (GE Healthcare or Pierce SuperSignal Dura).
Statistical analyses
Statistical significance was evaluated using the two-tailed unpaired t test. Unless indicated, all p values Ͻ0.05 were considered significant. 
